A method for measuring free fatty acids by enzymic cycling is described. Free fatty acids are converted to acyl-CoAs by acyl-CoA synthetase, then the acyl-CoAs are hydrolyzed back to the free fatty acids by acyl-CoA hydrolase in a cyclic fashion. The amounts of AMP produced during this cyclic reaction are determined from the absorbance at 340 nm in the presence of AMP deaminase and glutamate dehydrogenase. This method is sensitive to as low as 0.1 nmol of free fatty acids, and the standard curve is linear up to 1.0 nmol. This method shows a broad specificity for long-chain fatty acids (Cn-Cm) and the recoveries of fatty acids added to bacterial cell-free extracts are more than 90%.
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A. KAWAGUCHI, K. HOSAKA, T. KIKUCHI, K. SODA, and S. OKUDA from Proteus inconstans was a commercial product of Toyobo Co., Ltd. (Osaka).
A partially purified acyl-CoA hydrolase was prepared from Escherichia coli as follows. E. coli cells (60 g wet weight) were suspended in 300 ml of 50 HIM Tris-HCl buffer (pH 7.6) and sonicated for a total of 15 min in 5-min periods. The disrupted cells were centrifuged at 10,000 x g for 20 min. The resulting supernatant was brought to 60% saturation with ammonium sulfate, stirred for 30 min and then centrifuged at 10,000 x g for 30 min. The precipitate was dissolved in 100 ml of 10 mM potassium phosphate buffer (pH 7.1). The solution was passed through a Sephadex G-50 column (3.2 x 33 cm) which had been equilibrated with the same buffer. The Sephadex G-50 treated solution was applied to an immobilized Cibacron blue F3GA (Pierce Chemical Co., Rockford, U.S.A.) column (1.8x9.5 cm) equilibrated with 10 mM potassium phosphate buffer (pH 7.1). The column was washed with 50 ml of the potassium phosphate buffer and further with 50 ml of the buffer containing 0.3 M NaCl. The enzyme was eluted with 100 ml of the buffer containing 1 M NaCl. The eluted enzyme was applied to a hydroxyapatite column (2x8 cm) equilibrated with the buffer containing 1 M NaCl. The enzyme was eluted with 200 ml of a linear gradient of 10 ITIM-200 mM potassium phosphate buffer containing 1 M NaCl. This hydroxyapatite step was necessary to remove endogenous fatty acids present in the enzyme preparation and the details will be discussed later. The major fractions containing enzyme activity were combined and applied to a Phenyl-Sepharose column (1.1x12 cm) equilibrated with 0.2 M potassium phosphate buffer (pH 7.1) containing 1 M NaCl. After the column was washed with 30 ml of 10 mM potassium phosphate buffer (pH 7.1), the enzyme was eluted with the buffer containing 25% (v/v) of dimethylsulfoxide. The results of this purification are summarized in Table I . The enzyme at the final purification step was stored at -80°C until use.
AMP deaminase was purified from commercial bakers' yeast according to the procedure described by Yoshino et al. (19) with some modifications. The cells (1 kg wet weight) were suspended in 4 liters of 0.05 M potassium phosphate buffer (pH 7.5) and disrupted in a Dynomill. The cell debris was removed by centrifugation and the supernatant solution was then brought to 60% saturation with ammonium sulfate. The precipitate was collected by centrifugation and suspended in 1.5 liters of 0.05 M potassium phosphate buffer (pH 7.5). After passing through a Sephadex G-25 column (10 x 76 cm), the solution was loaded on a phosphocellulose column (5 x 25 cm) which had been equilibrated with 0.05 M potassium phosphate buffer (pH 7.5). The column was washed with 1.8 liters of 0.05 M potassium phosphate buffer (pH7.5) and with 1.5 liters of 0.1M potassium phosphate buffer (pH 7.5). The enzyme was eluted with 0.2 M potassium phosphate buffer (pH 7.5) and diluted 2-fold with distilled water. The enzyme solution was applied to a phosphocellulose column (2 x 32 cm) equilibrated with 0.1 M potassium phosphate buffer (pH 7.5). After washing with 500 ml of the same buffer, the enzyme was eluted with 220 ml of a linear gradient of 0.1M-0.25M potassium phosphate buffer (pH 7.5). The enzyme was stable for at least a year when stored at -80°C.
Chemicals-CoA and ATP were obtained from Kyowa Hakko (Tokyo); NADPH was from Oriental Yeast (Tokyo); and Triton X-100 and fatty acids were from Wako Pure Chemicals (Osaka). All other chemicals used were of analytical grade.
Assay Procedure for ACS-ACH Method--The standard assay was carried out in the following way. The enzyme solution contained 55 HIM Tris-HC1 buffer (pH 8.0), 2 HIM 2-ketoglutarate, 0.3 mM NADPH, 10 mM ATP, 0.3 mM CoA, 5 mM MgClj, 93 mU/ml of acyl-CoA synthetase, 0.2 U/ml of AMP deaminase, and 10 U/ml of glutamate dehydrogenase. This solution was prepared daily before use. The sample (0.01 ml) was added to 0.94 ml of the enzyme solution and incubated for 5 min at 37°C. Then 0.05 ml of acyl-CoA hydrolase solution (1.6 U/ml) was added to the mixture and the resulting mixture was incubated for 15 min at 37°C. After the reaction was terminated by adding 0.5 M EDTA (0.05 ml), the absorbance was measured at 340 nm in a cuvette of 1-cm light path with a Shimadzu UV-150 spectrophotometer. Fatty acids were dissolved in 1 % (w/v) Triton X-100 after neutralization with KOH. A blank was prepared by adding 0.01 ml of 1 % Triton X-100 to 0.94 ml of the enzyme solution. The sample-absorbance was subtracted from the blank-absorbance, and the net decrease was expressed as AA Ma .
RESULTS
The principle of the ACS-ACH method described in this paper is summarized in Fig. 1 . Acyl-CoA synthetase converts a free fatty acid to acyl-CoA which is hydrolyzed back to the free fatty acid by acyl-CoA hydrolase in a cyclic fashion. After a sufficient number of cycles, AMP, one of the products, which has been produced is measured with the combination of AMP deaminase and glutamate dehydrogenase.
AMP Deaminase-Glutamate Dehydrogenase System for the Measurement of AMP-Several experiments were conducted to establish an assay system to determine the amount of AMP. Figure 2 shows the time course of the AMP deaminase-glutamate dehydrogenase reaction. At pH 8.0, the reaction reaches a plateau within 6-min incubation. The absorbance at the plateau suggests that AMP added to the assay mixture was almost completely converted to IMP. We used the combination of AMP deaminase and glutamate dehydrogenase to determine the quantity of AMP produced by the cycling system of acyl-CoA synthetase and acyl-CoA hydrolase. When 1.0 nmol of palmitic acid was subjected to the reaction with acyl-CoA synthetase and acyl-CoA hydrolase in the presence of AMP deaminase and glutamate dehydrogenase, the absorbance change at 340 nm was linear for as long as 20-min incubation. These results implied that the enzyme system of AMP deaminase and glutamate dehydrogenase was suitable for following the production of AMP.
Standard Curve for the ACS-ACH MethodThe calibration curve for the fatty acid assay was obtained by using palmitic acid as the standard (Fig. 3) . The relationship between the amount of palmitic acid and ^/4 M0 is linear from 0.1 nmol to 1.0 nmol. When the assay was performed without acyl-CoA hydrolase, the observed value of ^MMQ was too small to detect 1.0 nmol of palmitic acid. From these results it is clear that the enzymic cycling proposed in this paper ran efficiently with the addition of acyl-CoA hydro- lase. Hereafter, we used the standard curve obtained in the presence of acyl-CoA hydrolase for the estimation of fatty acids.
Fatty Acid Specificity-In Table II is shown the specificity of the ACS-ACH method with respect to the chain length of fatty acids. Myristic, Fig. 4 . Linearity of the absorbance change as a function of amount of bacterial cell-free extracts. Cell-free extracts of Curtobacterium pusillum (1.85 mg protein/ml) were used and AA M was measured as described in " MATERIALS AND METHODS." TABLE III. Recovery of palmitic acid added to bacterial cell-free extracts. The indicated amount of palmitic acid was added to cell-free extracts of Curtobacterium pusillum (5 /il, 1.85 mg protein/ml). The amounts of palmitic acid were determined as described in " MATERIALS AND METHODS. palmitoleic, stearic, oleic, linoleic, and linolenic acids gave essentially similar values to that obtained with palmitic acid. However, short-chain fatty acids such as acetic, butyric and capric acids were insensitive to the ACS-ACH method. These results suggest that this method is useful for quantitative determination of various long-chain fatty acids.
Example of Use of the ACS-ACH Method-
In order to confirm the reliability of the ACS-ACH method, the fatty acid contents of bacterial cell-free extracts were determined (Fig. 4) . From these results we calculated the content of fatty acids to be 86 nmol/ml. This value was well correlated to that obtained by the ACS-ACO method which we reported previously (17) . The results shown in Table HI also indicate the reliability of this method. The recovery of palmitic acid added to the cell-free extracts was found to be 90-103%. The values calculated by this method include the amounts of long-chain acylCoAs, according to the principle illustrated in Fig. 1 . However, the concentration of acyl-CoAs in biological samples is usually much lower than that of free fatty acids (20) . The several lines of evidence described above suggest that the ACS-ACH method is applicable to measurement of the amounts of long-chain fatty acids in biological fluids.
DISCUSSION
An enzymic cycling system is a device for chemical amplification. An enzymic cycling system for NAD was reported in 1961 by Lowry et al. (21) .
In this system, the pyridine nucleotide is alternatively oxidized by one enzyme, then reduced back by another enzyme in a cyclic fashion. After a sufficient number of cycles, one of the products which has accumulated is measured. This cycling procedure results in a large increase in sensitivity. Several enzymic cycling systems have been devised to measure the small amounts of NAD, NADP or CoA in biological fluids (21) (22) (23) .
Recently measurement of serum free fatty acids has been used to help assess the kernicterus risk in premature infants. Several methods of enzymic determination of free fatty acids have already been established (12) (13) (14) (15) (16) (17) . However, these methods are only sensitive to as low as 5 nmol of fatty acids. The ACS-ACH method described in this paper was sensitive to as low as 0.1 nmol of fatty acids. This sensitivity was about 50 times as high as that obtained with the ACS-ACO method (17) . Conceptually, elongation of the incubation time leads to elevation of the sensitivity. However, the endogenous fatty acids present in the enzyme preparation interfere in the measurement of fatty acids in samples. Enzyme preparations occasionally contain significant amounts of endogenous fatty acids. During the purification of acyl-CoA hydrolase (Table I) , a hydroxyapatite column is almost useless from the viewpoint of the enzyme activity. However, this step is important to remove the residual endogenous free fatty acids. When the enzyme prepared without hydroxyapatite treatment was used, we observed a high blank value. Similar effects of hydroxyapatite treatment have been reported by Banis et al. (24) during the purification of acyl-CoA synthetase from mammalian sources.
The method proposed in this paper involves the measurement of AMP formation using an AMP deaminase and glutamate dehydrogenase coupling system. The quantitative measurement of AMP in crude biological systems is often susceptible to the presence of AMP, ADP, NH 3 , and NADPH oxidizing enzymes. This disadvantage should be easily overcome by slight modification of the procedure. In the course of the experiments described in this paper, the blank value was obtained with 1 % Triton X-100 solution. From the results shown in Fig. 3 , it might be possible to get the blank value with biological samples by the omission of acyl-CoA hydrolase.
When the absorbance at 340 nm obtained in the presence of acyl-CoA hydrolase is subtracted from this blank value, we can minimize the effect of interfering substances present in biological samples.
